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ABSTRACT
Visual Determination of the Opacity of Emissions from
Stationary Sources (Method 9) is a reference method es-
tablished by U.S. Environmental Protection Agency (EPA)
to quantify plume opacity. However, Method 9 relies on
observations from humans, which introduces subjectiv-
ity. In addition, it is expensive to teach and certify per-
sonnel to evaluate plume opacity on a semiannual basis.
In this study, field tests were completed during a “smoke
school” and a 4-month monitoring program of plumes
emitted from stationary sources with a Method 9 qualified
observer to evaluate the use of digital photography and
two computer algorithms as an alternative to Method 9.
This Digital Optical Method (DOM) improves objectivity,
costs less to implement than Method 9, and provides
archival photographic records of the plumes. Results from
“smoke school” tests indicate that DOM passed six of

eight tests when the sun was located in the 140° sector
behind one of the three cameras, with the individual
opacity errors of 15% or less and average opacity errors of
7.5% or less. DOM also passed seven of the eight tests
when the sun was located in the 216° sector behind an-
other camera. However, DOM passed only one of the
eight tests when the sun was located in the 116° sector in
front of the third camera. Certification to read plume
opacity by a “smoke reader” for 6 months requires that
the “smoke reader” pass one of the smoke school tests
during smoke school. The average opacity errors and per-
centage of observations with individual opacity errors
above 15% for the results obtained with DOM were lower
than those obtained by the smoke school trainees with
the sun was located behind the camera, whereas they
were higher than the smoke school trainee results with
the sun located in front of the camera. In addition, the
difference between plume opacity values obtained by
DOM and a Method 9 qualified observer, as measured in
the field for two industrial sources, were 2.2%. These
encouraging results demonstrate that DOM is able to
meet Method 9 requirements under a wide variety of field
conditions and, therefore, has potential to be used as an
alternative to Method 9.

INTRODUCTION
Visible plumes caused by emission of particulate matter
(PM) to the atmosphere from stationary sources raise pub-
lic concern about the effects of PM on human health1 and
atmospheric visibility.2 The Regional Haze Rule was
adopted during 1999 to protect visual air quality by re-
ducing anthropogenic emissions to the extent that visi-
bility is not noticeably degraded more than it would be
under natural conditions.3 Standards have been devel-
oped and enforced by U.S. Environmental Protection
Agency (EPA) and local authorities to regulate particulate
emissions from anthropogenic sources. These emissions

IMPLICATIONS
Quantification of plume opacity with digital photography
has advantages when compared with EPA’s Method 9 by
improving objectivity, reducing teaching and certification
costs, and providing archival photographic records of the
visible emissions and their environments. The DOM is a
digital photography-based method that was developed to
quantify plume opacity using commercial off-the-shelf dig-
ital cameras. Field tests of DOM with elevated point
sources demonstrate that DOM meets Method 9 require-
ments under a wide variety of field conditions and yields
consistent results when compared with plume opacity val-
ues determined by a Method 9-qualified observer. This
study indicates that digital photography is an appropriate
means to quantify plume opacity and has the potential to
serve as an alternative to Method 9 for determining the
opacity of plumes that are emitted from elevated point
sources.

TECHNICAL PAPER ISSN:1047-3289 J. Air & Waste Manage. Assoc. 57:836–844
DOI:10.3155/1047-3289.57.7.836
Copyright 2007 Air & Waste Management Association

836 Journal of the Air & Waste Management Association Volume 57 July 2007



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
JUL 2007 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2007 to 00-00-2007  

4. TITLE AND SUBTITLE 
Field Evaluation of Digital Optical Method to Quantify the Visual
Opacity of Plumes 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Department of Civil and Environmental Engineering,University of
Illinois at Urbana-Champaign,Urbana,IL,61801 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 
U.S. Government or Federal Rights. 

14. ABSTRACT 
 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

10 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



can be regulated with an opacity-based standard and/or a
mass-based standard. Opacity of a plume has been de-
scribed as “the fraction of a light beam, which during its
passage through a plume, is removed from that beam by
absorption and/or scattering.”4 Opacity standards are es-
tablished primarily because plumes can be more readily
monitored by their optical rather than their mass-based
properties. Both mass- and opacity-based standards
should be met for stationary sources of PM. However,
opacity standards established by EPA are reportedly more
lenient than the corresponding mass emission standards,
and, thus, a violation of opacity standard is an indicator
but not proof of a violation of a mass emission standard.5

Methods for measuring the opacity of a plume emit-
ted from a stationary source include the following: in-
stack transmissometers, light detection and ranging (LI-
DAR) systems, visual observations by humans (Method
96), and digital photography-based techniques. An in-
stack transmissometer quantifies plume opacity within
the exhaust stack of the source and requires installation
and maintenance of each transmissometer at each source.
An in-stack transmissometer can cost more than U.S.
$10,000. LIDAR is used as a research instrument to quan-
tify opacity. LIDAR is even more expensive than in-stack
transmissometers, is complicated to use, and is reported
to underestimate plume opacity.7,8 Method 9 is the most
common way to quantify the opacity of plumes that are
emitted from stationary sources because of EPA regulatory
requirements.

EPA requires “qualified observers” to pass a “smoke
school” test by achieving an individual opacity error (IOE,
di) of 15% or less and an average opacity error (AOE, d� ) of
7.5% or less for all 50 black and white plumes evaluated
during a particular test. IOE with unit of percent is defined
as the absolute difference between an opacity value, O1,i,
that is obtained by a human or a digital camera observa-
tion and a corresponding opacity value, O2,i, that was
measured by a reference in-stack transmissometer, as de-
scribed by:

IOE � i � �O1,i � O2,i� � 100 (1)

where subscript i represents each corresponding observa-
tion and measurement. AOE is defined as follows:

AOE � d� �
1
N

� �
i � 1

N

di (2)

where N is the total number of corresponding observa-
tions and measurements for a particular test. The accuracy
of a Method 9 qualified observer to determine a plume’s
opacity, as indicated by IOE and AOE, is influenced by the
plume’s background, as well as ambient lighting condi-
tions (e.g., orientation of the sun with respect to the
camera, the time of day, and the geographic location of
the source9). Passing the test qualifies the observer to
make plume opacity measurements for 6 months.

Digital photography-based methods to determine
plume opacity have been under development for a few
years.10 The cost can be reduced when compared with

other methods, because digital photography-based meth-
ods do not require expensive instruments, such as a trans-
missometer or LIDAR. Plume opacity can be determined
with digital photography with a low-cost digital camera
(e.g., $300) and a personal computer to interpret the
photographs (e.g., $500). Furthermore, travel to conven-
tional smoke schools to teach and certify “smoke readers”
every 6 months is not needed. Protocols to use digital
photography to determine plume opacity and to certify
“digital smoke readers” can be provided through the In-
ternet. The objectivity of the measurement to determine
plume opacity is also improved, because a predesigned
algorithm is used to compute the plume’s opacity. Finally,
permanent photographic records of the plume and its
surroundings at ambient conditions are also available.
These records can be useful for demonstrating compliance
to regulators and providing evidence during possible legal
actions.

One research group has used digital photography to
quantify the opacity of plumes from stationary sources
with the Digital Opacity Compliance System (DOCS).10

DOCS was developed to use a specific digital camera that
self-calibrates for clear-sky backgrounds. The user can
quantify a plume’s opacity with DOCS software by down-
loading digital images that describe the plume and its
background to a computer and then select an area in the
photograph that includes a part of the plume where opac-
ity is to be determined, as well as its background. The
plume opacity is then calculated using the computer al-
gorithm provided by DOCS. DOCS was tested with clear
skies at a high mountain desert,10 cloudy skies with mild
temperature and moderate wind,11 and overcast skies
with freezing temperature and light rain that was mixed
with snow.11 DOCS was also tested at commercial and
industrial sites during rainy and misty conditions.12

Other than being tested at smoke schools, DOCS was also
tested under regulatory enforcement conditions and was
compared with results from Method 9.13 Most recently,
DOCS was tested using a range of commercially available
cameras in lieu of a specific digital camera that was re-
quired to be used for the previous field campaigns.14

A new digital photography-based method, Digital
Optical Method (DOM), was developed recently to quan-
tify plume opacity.15–17 DOM can be used with readily-
available, low-cost commercial digital cameras, with a
wide range of existing backgrounds or by installing a
more optimal background and with a wide range of me-
teorological conditions by using either a contrast model
or a transmission model. DOM was initially tested under
carefully controlled conditions by completing a specifi-
cally designed field campaign independent of a smoke
school and under more realistic conditions by participat-
ing in a smoke school. In addition, differences in the
performance of the cameras were characterized by yield-
ing consistent results as long as they are calibrated for
response curves.16 For example, the average absolute dif-
ference (AAD) is 3% between the results obtained during
the previous study16 using two cameras (Canon G3 and
Sony DSC S30). More thorough studies were completed
later to evaluate the feasibility and flexibility of applying
DOM during those more realistic conditions by compar-
ing the opacity values obtained from DOM to opacity
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values obtained from a reference in-stack transmissometer
and smoke school trainees during a smoke school. Opac-
ity measurements from DOM and from a qualified ob-
server were also compared when monitoring industrial
sources in the field. Results from these two later field
campaigns are presented in this paper.

EXPERIMENTAL WORK
DOM

DOM was developed to quantify plume opacity under a
wide range of ambient daytime conditions. The concepts,
analytical descriptions of the models, and applications of
both models were described previously16 but are briefly
summarized next for clarity.

The contrast model quantifies plume opacity for
clear-sky and overcast cloudy-sky conditions as long as
there are contrasting backgrounds (e.g., black/white
board, building/sky, etc.) behind and next to the plume.
This model determines the plume’s opacity from a change
in contrast between each of two backgrounds that are
located behind the plume and next to the plume. The
contrast that is observed by the camera for the bright and
dark areas of each of these backgrounds is different, be-
cause the plume changes the radiance values that origi-
nated from the background that is behind the plume but
not the radiance values that originated from the back-
ground that is next to the plume. The contrast values for
each of these two backgrounds are then determined by
the ratio of the radiance values coming from the bright
and dark areas for each of these backgrounds. The ratio of
the radiances is determined by the corresponding pixel
values available from the digital image by means of the
camera’s response curve.18 Finally, the contrast values of
the backgrounds with and without the plume in front of
them are then directly related to opacity with unit of
percent by eq 3:

Opacity � �1 �
Nwp � Nbp

Nw � Nb
� � 100 (3)

where Nw and Nb are the equivalent radiance values re-
corded by the camera, in terms of pixel values, caused by the
radiances that originate from the bright and dark areas of
the background after passing through the atmosphere with
no plume. Nwp and Nbp are the equivalent radiance values
recorded by the camera, in terms of pixel values, caused by
the radiances that originate from the bright and dark areas
of the background after passing through the atmosphere
that includes the plume, respectively.

The transmission model quantifies the opacities of
plumes viewed in front of a uniform background that is in
contrast to the plume, such as a clear sky for black or
white plumes or a uniform white cloudy sky for black
plumes. This model determines plume opacity based on
the ratio of the radiance value from the plume to the
radiance value from the plume’s background, as deter-
mined by their corresponding pixel values that are re-
corded by the digital camera. Equation 4 is used to deter-
mine plume opacity with unit of percent by the
transmission model:

Opacity � �1 �
Np

N
1 � K

� � 100 (4)

where Np is the equivalent radiance value recorded by the
camera, in terms of pixel values, caused by radiance from
the plume and path radiance of the atmosphere. N is the
equivalent radiance value recorded by the camera, in
terms of pixel values, from the sky and passes through the
plume-free atmosphere. K is a parameter, which is deter-
mined by ambient lighting conditions and optical prop-
erties of the plumes’ aerosol particles. Constant values for
K of 0.16 and 1.4 are used for black and white plumes over
a wide range of ambient conditions, respectively.16

DOM was developed as a Windows-based user-
friendly software package. In this method, digital photo-
graphs of the plumes are taken with readily available,
low-cost, commercially available digital cameras. The
photographs are then processed with a specific algorithm
to determine the plume’s opacity as described above. The
user can use either the contrast model or the transmission
model based on the available field conditions. DOM was
tested during sunny and overcast weather conditions with
a smoke generator that was operated by Illinois Environ-
mental Protection Agency (IEPA) personnel during 2003
and 2004. The field results demonstrated that DOM was
able to consistently meet EPA requirements for IOE and
AOE. Also, different cameras yielded consistent results,
with an AAD in the results from the different cameras of
3%.16 The AAD between two sets of opacity observations
1 and 2 is defined as follows:

AAD'
1
N

� �
i � 1

N

�Opacityobservation1,i � Opacityobservation2,i�

(5)

In this study, three digital cameras participated in the
smoke school tests, and the results obtained from the
cameras were compared with those obtained by the
smoke school trainees. A parameter used here to compare
the frequency of occurrence for IOE values between the
cameras and smoke school trainees is f(ei), which is de-
fined as follows:

f�ei� �

number of observations whose
individual opacity error � ei

total number of observations
(6)

where ei � 0%, 5%, 10%, 15%, . . . Therefore, the percent-
age of observations with IOE �15% is determined by
¥e1 � 20%

100% f�ei� � 100.

Field Studies
DOM was evaluated as described here by completing two
field campaigns. The first field campaign occurred during
a smoke school. This campaign tested the performance of
DOM based on orientation of the sun to the plume and
the camera (sun angle) and the accuracy of DOM when
compared with the accuracy of smoke school trainees
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during the same smoke school tests. The second field
campaign evaluated DOM’s ability to quantify plume
opacity at two industrial stationary point sources. A qual-
ified observer estimated the plumes’ opacities using
Method 9 while also determining the plumes’ opacities
using DOM. Opacity measurements from the qualified
observer and DOM were then compared to evaluate the
consistency between the two methods when used in the
field.

Smoke School Field Campaign at Springfield, IL. Method 9
requires that the sun should be located within a 140° sector
behind the observer. This requirement is necessary because
the visual appearance of the plume depends on sun angle.
The extent to which sun angle influences the ability of DOM
to measure plume opacity was also tested. The smoke school
occurred at an urban parking lot for a hotel in Springfield,
which is a continental location that is 182 m above sea level
and located at 39°48� north latitude and 89°39� west longi-
tude. Three digital commercial cameras took pictures of the
plumes from three different angles (Figure 1). Two SONY
CYBERSHOT P100 cameras were located to the north and

southeast of the stack, and one MINOLTA DIMAGE Z2 cam-
era was located to the south of the stack. The cameras were
deployed at appropriate locations so that the roof and the
sky, together, served as the contrasting background (Figure
1) for DOM’s contrast model, which was then used to de-
termine the plume opacities during this field campaign. The
sun was within a 140° sector to the back of the south cam-
era, 216° sector to the back of the southeast camera, and
116° sector to the front of the north camera during the
smoke school tests. The three cameras were calibrated to
obtain their camera response curves when those cameras
were purchased. The constants for the response curves were
then readily included in the DOM software to interpret the
photographs from each of the cameras. The calibration pro-
cedure is simple and straightforward and can be completed
within 1 hr without using additional instrument.18

The smoke generator was operated by IEPA to pro-
duce black plumes by burning toluene and white plumes
by vaporizing and recondensing diesel fuel. The opacity
of the plumes is adjusted by controlling the feed rates of
the liquid toluene or diesel and air. The smoke generator
included a stack where opacity levels were measured with

Figure 1. Site photograph and experimental layout for smoke school test. The angles 116°, 140°, and 216° describe the sectors where the
sun was in front, behind, and behind the specified cameras, respectively.
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an in-stack transmissometer that was calibrated by IEPA.
The stack was 30 cm in diameter, and its outlet was 4.5 m
above the ground.

The smoke school consisted of eight tests during 2
days with each test consisting of 25 black plumes with
random levels of opacity and then 25 white plumes with
random levels of opacity. The weather was misty with
overcast skies, high relative humidities (80–92% relative
humidities), and modest temperatures (8–13 °C). The
hourly meteorological conditions and sun angle during
the smoke school tests are summarized in Table 1. The
meteorological data in Table 1 were obtained from the
Weather Underground19 to provide an overview of the
meteorological conditions during the field campaigns,
which appeared to be consistent with observations. The
meteorological data were not used to complete any of the
data analyses. The sun angles in Table 1 were calculated
according to the day of the year, time of the day, and
latitude/longitude where the observations were made us-
ing the Solar Position Calculator provided by the National
Oceanic and Atmospheric Administration.20 The routines
of Solar Position Calculator are based on the algorithm in
the book authored by Meeus.21 Opacity values ranged
from 0% to 85% for each of the black and white plumes.
Each camera took two photographs for each plume, and
the opacity values from those two digital images were
arithmetically averaged to provide an individual DOM-
generated plume opacity value. The tests started at 9:00
a.m. Central Standard Time (CST) on October 19, 2004,
and ended at 3:00 p.m. CST on October 20, 2004, and
resulted in 2400 digital photographs.

There were 190 people participating in the smoke
school, of which 183 people eventually became certified
as qualified observers. People who did not initially pass
the exam could participate in subsequent exams until
they hopefully passed a test before the end of the 2-day
smoke school. Exams that were completed by the smoke
school trainees were obtained from IEPA, and those

results were compared with the results from DOM. There
were a total of 597 completed exams that were used as
part of this analysis, which provided a total of 29,850
opacity measurements by smoke school trainees.

Field Monitoring of Plume Opacity by DOM and a Method 9
Qualified Observer. DOM was also implemented in the
field to monitor the opacity of plumes emitted from sta-
tionary industrial sources. Opacity measurements were
completed at Ft. Hood, TX, by using Method 9 and DOM.
Both of these measurements were completed simulta-
neously by a qualified observer. Opacity results from
DOM were compared with the corresponding opacity
measurements provided by the qualified observer. Plumes
were generated by a stack for three diesel-fired 1320-kW
Caterpillar generators (facility no. 1001) and a stack for a
diesel-fired 100-kW Cummins generator (facility no.
91012). Backgrounds for the plumes were either a clear
sky or a building (Figure 2).

During each measurement, the qualified observer
made 24 observations within 6 min with the sun located
to the back of the observer, and the results of the 24
observations were averaged to provide the final average
opacity value for that plume. At the same time, 24 pho-
tographs were taken for that plume and were analyzed
using DOM software to determine the plume’s opacity.
Results from DOM for the 24 photographs were averaged
to provide the final average opacity value for that plume.
Eleven days were selected between September and Decem-
ber 2004 to make the opacity measurements. On each
day, plume opacity was quantified at only one of the two
sites. The observation time and meteorological conditions
were recorded by the qualified observer and are summa-
rized in Table 2. Results from simultaneous opacity mea-
surements that were obtained from DOM and the quali-
fied observer were compared by determining the AAD
between these two measurements as described by eq 5.

Table 1. Hourly weather conditions during the smoke school test in Springfield.

Time
Temperature

(�C)

Relative
Humidity

(%)
Pressure

(hPa)
Visibility

(km)

Wind
Speed
(km/hr)

Sky
Condition

Sun Angle

Altitude
(�)

Azimuth
(�)

October 19, 2004
8:54 a.m. 7.8 96 1010 2.0 14.8 Mist 26.4 132.2
9:54 a.m. 8.9 93 1011 2.4 13.0 Mist 33.9 147.0
10:54 a.m. 8.9 96 1011 2.4 14.8 Mist 38.6 164.3
11:54 a.m. 9.4 93 1012 4.0 13.0 Mist 39.8 183.4
12:54 p.m. 10.0 93 1011 3.2 16.7 Mist 37.3 202.0
1:54 p.m. 10.0 96 1012 4.0 13.0 Mist 31.5 218.5
2:54 p.m. 10.6 92 1012 2.8 9.3 Mist 23.2 232.3

October 20, 2004
8:54 a.m. 10.6 92 1018 3.2 9.3 Mist 26.1 132.5
9:54 a.m. 11.0 94 1018 4.0 9.3 Mist 33.6 147.2
10:54 a.m. 11.7 89 1018 4.8 13.0 Mist 38.3 164.5
11:54 a.m. 12.2 86 1018 9.7 13.0 Mist 39.5 183.4
12:54 p.m. 12.8 83 1018 11.3 14.8 Overcast 36.9 201.9
1:54 p.m. 13.3 80 1018 11.3 11.1 Overcast 31.1 218.3
2:54 p.m. 12.8 86 1017 9.7 13.0 Mist 22.9 232.0
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RESULTS AND DISCUSSION
Smoke School Field Campaign at Springfield

Eight tests were completed during the smoke school field
campaign. For each plume, the opacity measurement
from the in-stack transmissometer was deemed as the
“reference” value for plume opacity. Differences between
the opacity values from the transmissometer and DOM or
the smoke school trainees are described by IOE and AOE
values, as described by eqs 1 and 2, respectively.

Representative IOE values for 50 plumes that were
obtained by the three digital cameras during the fifth test
are provided in Figure 3. The bold dashed lines represent
EPA’s allowable limit of 15% for IOE values. The triangles,
solid dots, and open rhombi describe the results obtained
with the south camera (DOM [S]), the southeast camera
(DOM [SE]), and the north camera (DOM [N]), respec-
tively. Opacity results from DOM that were obtained with
the south and southeast cameras agree well with the re-
sults obtained with the transmissometer. All of the IOE
values were 15% or less for all of the plumes measured by
the south and southeast cameras. It is noteworthy that
86% and 80% of the IOE values for the south and south-
east cameras were 7.5% or less, respectively. Good linear-
ity was observed with all of the squares of correlation
coefficients (R2) �0.93 for all of the linear regressions
between the south and southeast cameras’ results to the
transmissometer’s results. As expected, the north camera
did not perform as well as the south and southeast cam-
eras. The IOE values for the north camera were 15% or less

for 90% of the 50 plumes, with 70% of the IOE values
7.5% or less. The linear regressions between the results for
the north camera and the transmissometer resulted in R2

values above 0.91.
The AOE values obtained with the three cameras dur-

ing the same field test (i.e., the fifth test) that are de-
scribed in Figure 3 are provided in Figure 4. All of the AOE
values obtained with the south and the southeast cameras
were below 7.5% for both black and white plumes. The
north camera satisfied EPA’s AOE requirement when
monitoring the white plumes. However, the AOE ob-
tained by the north camera was 10.2%, which exceeds the
7.5% limit for the black plumes.

Figures 3 and 4 demonstrate that both the south and
southeast cameras satisfied EPA’s IOE and AOE require-
ments, though the southeast camera had been placed
with the sun outside of the 140° sector to the back of the
camera for a portion of the tests. However, the north
camera failed the test, because the sun was located in
front of the camera. The reason could have been the
strong radiance from the sky background, which may
have saturated the camera’s pixels and resulted in large
errors. Of the eight tests completed during the 2-day
smoke school field campaign, the south camera passed six
tests, the southeast camera passed seven tests, and the
north camera passed only one test. Certification to read
plume opacity by a smoke reader for 6 months requires
that the smoke reader pass one of the smoke school tests
during smoke school.

Figure 2. Photographs of the two sources at Ft. Hood: (a) Location No. 1001 and (b) Location No. 91012.

Table 2. Weather conditions during field monitoring while using Method 9 and DOM to quantify plume opacity at Ft. Hood.

Observation
Date

Facility
No.

Observation
Time

Temperature
(�C)

Relative
Humidity

(%)

Wind
Speed
(km/hr)

Sky
Condition

9/8/2004 1001 5:14 p.m. 33.9 42 6–10 Clear
10/4/2004 91012 12:39 p.m. 25.0 70 5–10 Mostly cloudy
10/6/2004 1001 5:27 p.m. 27.8 65 11–13 Partly cloudy
10/13/2004 91012 12:08 p.m. 29.4 43 8 Mostly clear
10/19/2004 91012 12:16 p.m. 30.0 63 8–10 Clear
10/20/2004 1001 5:11 p.m. 31.7 59 11–13 Clear
10/25/2004 91012 12:31 p.m. 26.1 71 10–14 Cloudy
11/9/2004 91012 12:49 p.m. 21.1 59 10–11 Mostly clear
11/22/2004 91012 12:39 p.m. 16.7 95 10 Overcast
11/29/2004 91012 12:28 p.m. 19.4 85 5–6 Overcast
12/14/2004 91012 12:36 p.m. 10.0 21 10–11 Partly cloudy

Du et al.

Volume 57 July 2007 Journal of the Air & Waste Management Association 841



There were a total of 400 plumes that were measured
for their opacities by smoke school trainees and DOM
during the eight smoke school tests. There were 0.3%, 0%,
and 15.8% of the observations by DOM with IOE values
above 15% for the south, southeast, and north cameras,
respectively. Such results are in contrast to 4.2% of the
opacity values obtained from the smoke school trainees
that had IOE values above 15%. The south and southeast
cameras have higher frequency of occurrences for lower
IOE values (e.g., 5%) and lower frequency of occurrences
for higher IOE values (e.g., �15%) than smoke school
trainees (Figure 5). In contrast, the north camera has the
lowest frequency of occurrence for lower IOE values and
highest frequency of occurrence for higher IOE values.
Clearly, the camera with the sun located within a 116°
sector in front of the camera had the poorest IOE scores.

The mean AOE values for the eight tests with the two
cameras located with the sun behind them and for the
smoke school trainees were all 7.5% or less (Figure 6).
Once again, the camera with the sun located in front of
the camera had the highest mean AOE value above 7.5%.

The t tests, at a confidence level of 99% (i.e., level of
significance � 1 � 0.99 � 0.01), were performed to ana-
lyze the results obtained by the smoke school trainees and
the three digital cameras to determine whether their
mean AOE values were significantly more than or 7.5% or
less. Paired t tests were also performed to compare the
mean AOE values of the results among the three digital
cameras and the smoke school trainees. Results from the
paired t test analysis confirmed the following ranking for
mean AOE values, which are statistically significant with
a confidence level of 99%:
south camera � southeast camera � smoke school train-
ees � 7.5% � north camera.

Results shown in Figures 3–6 demonstrate that the
sun angle is important when applying DOM in the field.
Locating the sun in front of the camera could seriously
deteriorate the performance of DOM in the field. How-
ever, the specific orientation of the sun to the camera does
not substantially affect DOM’s ability to pass the Method
9 smoke school test if the sun is within a 216° sector
behind the camera. Therefore, DOM has a broader range
of appropriate locations for the camera with respect to the
sun when compared with the traditional 140° sector re-
quired by Method 9. In addition, opacity values obtained
from DOM are more accurate when compared with opac-
ity values obtained from the transmissometer than the

Figure 3. Typical results of IOEs for three cameras when deter-
mining plume opacity for (a) black and (b) white plumes for the fifth
test.

Figure 4. Typical results of AOEs for three cameras when deter-
mining plume opacity for black and white plumes for the fifth test.

Figure 5. Frequency distributions of IOE values for smoke school
trainees and the three cameras for all eight of the tests.

Figure 6. Means (vertical bars) and standard deviations (vertical
lines) for AOE achieved by smoke school trainees and the three
cameras for all eight of the tests.

Du et al.

842 Journal of the Air & Waste Management Association Volume 57 July 2007



corresponding opacity values obtained from smoke
school trainees if the cameras are oriented with the sun
located within a 216° sector behind the camera.

Field Monitoring of Plume Opacity by DOM and
Method 9 Qualified Observer

Plume opacities were measured simultaneously with a
qualified observer and DOM at Ft. Hood over a wide range
of meteorological conditions, which included clear skies
and overcast skies, RH values between 21% and 95%, and
temperatures between 10 °C and 34 °C (Table 2). The
backgrounds used by DOM included both the sky (for the
transmission model) and a building (for the contrast mod-
el; Figure 2). Both black and white plumes were observed
during the field monitoring. The AAD value for opacity
values measured by DOM and the qualified observer is
2.2%. A paired t test, at a confidence level of 99% (i.e.,
level of significance � 1 � 0.99 � 0.01), demonstrates that
the results obtained by DOM are not significantly differ-
ent from those by Method 9. This suggests that DOM has
the capability to yield results that are consistent with
Method 9 (Table 3) when used in the field with the ap-
propriate conditions as specified by Method 9.

CONCLUSIONS
The DOM was tested at a smoke school that was operated
by IPEA and located at a midlatitude continental site. The
field test occurred to evaluate DOM’s ability to quantify
plume opacity based on viewing geometry among the
camera, the plume, and the sun. DOM’s ability to quan-
tify plume opacity was also evaluated by comparing its
results with the results obtained by smoke school trainees
during the same Method 9 smoke school tests. All of the
measured opacity values from DOM for the eight smoke
school tests had AOEs less than the maximum allowable
values established by EPA for cameras with the sun lo-
cated in the 140° sector (south camera) and 216° sector
(southeast camera) behind the cameras. Both the mean
AOEs values and the percent of observations with IOEs
above 15% obtained from the south and southeast cam-
eras were lower than the results obtained by the smoke
school trainees. However, the north camera, with the sun
in the 116° sector in front of the sun, performed least

favorably when compared with the other two cameras
and the smoke school trainees. DOM yielded the largest
mean AOE value and largest percent of observations with
IOE �15% when the sun was located in front of the
camera. Therefore, DOM is not applicable when the sun is
in front of the camera. This conclusion coincides with
Method 9’s requirement for sun angle with the observer
looking at the plume with the sun oriented in the 140°
sector to the back of the observer.

DOM was also implemented at two stationary indus-
trial sites in Ft. Hood to compare plume opacity results
with those obtained with a qualified observer. The AAD
between DOM and Method 9 was 2.2%, which indicates
that results from DOM are consistent with results from
the qualified observer.

DOM has a number of advantages over Method 9,
such as improved objectivity, low cost, and permanent
photographic documentation. It is easy to implement the
method, and the algorithms are available in a Windows-
based user-friendly software package. In addition, DOM is
able to meet EPA Method 9 requirements under the range
of environmental conditions specified by Tables 1 and 2
with the sun located within a 216° sector behind the
camera. These results indicate that DOM has potential to
be used as an alternative to Method 9.
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